This work investigates the β-Si 3 N 4 (0001)/Si(111) interface based on a model with fully saturated interface bonds. The charge transfer at the interface and band alignment are calculated. The band alignment is corrected by GW 0 calculations. Furthermore, we investigate how substitutional phosphorus defects affect the electronic structure of the interface, in particular how they saturate the interface states and modify the valence band offsets.
I. INTRODUCTION
Bulk silicon-nitride compounds have traditionally been used due to their sterling wear resistance and temperature toughness. 1 However, silicon nitride also exhibits excellent passivation properties 1, 2 and the semiconductor industry has employed silicon nitride as an alternative to, for instance, silicon oxide due to better dielectric and antireflective properties. Amorphous silicon nitride can be efficiently grown on silicon by means of nitridation, for example, through the use of NH 3 with low cost and controllable thickness. Consequently amorphous silicon nitride is also common on top of industrial grade silicon solar cells.
However, even though silicon nitride is extensively used for passivation on silicon, detailed knowledge of the passivation properties and the microscopic electronic properties of these interfaces is lacking, even for crystalline silicon nitride. For example, it is not well established if and how the band offset between silicon nitride and other materials changes as a function of different defects or how the passivation properties depend on the microscopic structure of defects and interface bonds. Efforts to create thin layers of crystalline silicon nitride on top of crystalline silicon are also still an ongoing experimental challenge. Previous experimental studies of the band offsets between silicon and silicon nitride report scattered values between 1.5 and 1.9 eV. [3] [4] [5] [6] [7] [8] The source of this is somewhat unknown, but processing conditions and thus incorporated defects are most likely highly relevant in this context. Few computational studies have investigated the silicon/silicon-nitride interface and calculated the valence band offsets, although, a recent study of Yang et al. 9 reports a valence band offset of 1.52 eV in seemingly good agreement with some of the experiments.
The first model of α-and β-silicon-nitride (0001) on silicon (111) was proposed 10 by Zhao and Bachlechner. They created the interface by maximizing the number of Si-N bonds, which led to an interface that contained unsaturated bonds. Both the α-and β-silicon-nitride were investigated and showed similar charge transfer and electronic structure, which is expected from the similarities of the bulk phases. Recent literature 11 concludes that the β phase is the most stable among the silicon-nitride phases.
Early experimental results 12 indicated that the interface bonds of the silicon/silicon-nitride system should be saturated. Yang and coworkers recently suggested 9 the structure of such a model and showed that it was energetically more stable than the unsaturated model of Zhao and Bachlechner. Yang and coworkers also calculated the valence band offset and claimed this to be in good agreement with the experimental determinations. 4, 6, 8, 13 Their model is considered to be the currently best fit between the silicon (111) substrate and β-silicon-nitride (0001) with a lattice mismatch of less than 1% and saturated interface bonds.
In this work, we follow the initial study of Yang and coworkers and additionally introduce phosphorus defects and study their electronic structure. Phosphorus is used in industrial solar cells for the emitter to achieve high n-type doping. Its influence on the structural and electronic properties is highly relevant for a full microscopic understanding of the silicon/silicon-nitride interface, since industrial solar cells are usually strongly n-type at the front side, where one aims to avoid electron-hole recombination losses.
II. COMPUTATIONAL DETAILS
The density functional theory (DFT) calculations were based on the Perdew-Burke-Ernzerhof (PBE) 14 exchangecorrelation functional and performed using the Vienna Abinitio Simulation Package (VASP). [15] [16] [17] An energy cutoff of 500 eV with a k-point sampling of 9 × 9 × 3 was used. All relaxations were terminated when the residual forces were less than 0.005 eV/Å for the interface and 0.001 eV/Å for the bulk calculations. The volume was kept fixed during relaxations of the phosphorus in the interface model. The GW 0 calculations were performed on a 2 × 2 × 1 k-point grid with three iterations for the eigenvalues in the Green's function. Convergence in the third iteration is typically better than 5 meV. The orbitals were not updated. This also implies that the interface dipole (related to the charge density of the orbitals) does not change from DFT to the GW 0 calculations. Hence the change of the valence band and conduction band offsets can be determined directly from fast and convenient GW 0 bulk calculations. The corresponding GW 0 valence band shifts for Si and Si 3 N 4 are already documented in Ref. 11 . Finally, we note that in previous tests for bulk systems, the GW 0 procedure has yielded very good agreement with fully self-consistent GW calculations.
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Interface energies were calculated as
where E(mSi/nSi 3 N 4 ) is the energy of the interface model, with m Si units and n Si 3 N 4 units, while E(Si) and E(Si 3 N 4 ) are the respective bulk energies. The interface area is A (our model always possesses two identical interfaces).
The calculation of the relative total energy differences upon phosphorus substitution was performed with the following energy references
and
where
, and E(Si/Si 3 N 4 ) are the energy of the interface model with phosphorus incorporated in a given layer, the interface model, bulk silicon with phosphorus, bulk silicon, the energy of the largest interface model with phosphorus in the bulk silicon part, and the largest interface model without phosphorus, respectively. Furthermore, the valence band offset was calculated as follows:
Here for Si on the Si 3 N 4 side) and is evaluated as:
). As reference energy, different quantities may be chosen; the charge neutrality level, planar averaged electrostatic potentials, or inner atomic core levels of some selected constituent atom. In this work we used the latter approach, where the energy of the silicon 1s states in Si and Si 3 N 4 was used to align the valence band maxima. 18 In order to estimate the charge transfer, the electron occupation on each atom was calculated using zero flux partitioning of the electron density (Bader analysis). 19, 20 The core electrons were included and the electron density grid was doubled with respect to the default high accuracy grids to reduce aliasing errors. Visualizations were performed in VESTA.
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III. RESULTS AND DISCUSSIONS
A. Comparisons of the two interface models
In order to compare the stability of the two models, the structures based on the recent work by Yang et al. 9 and the earlier work by Zhao and Bachlechner 10 were optimized. Contrary to the initial study of Yang et al. 9 we did not include a vacuum layer or terminating hydrogen bonds. Instead, both models were constructed periodically with two identical interfaces.
Since silicon nitride is usually deposited onto a silicon substrate, the in-plane cell parameter of silicon nitride was adjusted to that of silicon. The middle-of-the-slab (bulk) silicon positions were locked during optimization of the positions. The slab thickness (perpendicular to the interface plane) was also relaxed. These structures were compared to relaxed structures with all degrees of freedoms unlocked (including cell dimensions and angles) and we observed a slight but insignificant increase of the binding energy and a slight change in the distance between the atomic layers close to the interfaces compared to the bulk. Furthermore, the unit cell angles did not change significantly.
The interface energy of the optimized Zhao and Bachlechner model was calculated to be 18% higher than that of the optimized interface proposed by Yang et al. (calculated in this study to be 1.41 J/m 2 ). Considering this substantial difference, we thus only focus on the latter model in the rest of this work. The Si in-plane lattice constants were adopted and kept fixed in the rest of this work (this also corresponds to the real, experimental situation).
B. Bond-saturated interface model
In Fig. 1 the interface structure before and after relaxation is compared. The naming scheme, nA(B), where n is the number of species A, while B an optional parameter signifying on which side of the interface the atoms reside is listed in Table I . Bond lengths for the relaxed structure are listed in Table II. Upon relaxation of the structure, there are significant changes. The 3Si(Si)-1N distances are contracted to yield a more reasonable Si-N bond length that is only 2-3% longer than in bulk Si 3 N 4 . Furthermore, the 3Si(Si)-3Si(Si 3 N 4 ) bond lengths are more similar to that of bulk silicon, although still 3% longer. This is also the case for the 1Si-3Si(Si 3 N 4 ) bond lengths. From Figs. 1(e) and 1(f) it is also clear that it is favorable for the 1Si-3Si(Si 3 N 4 ) and the 3Si(Si) atoms to rotate slightly out of the hexagonal Si(111) alignment. No particular distortions compared to bulk throughout the core silicon or silicon nitride parts of the model were detected. All in all, this has to be considered as a very good fit between the Si(111) and β-Si 3 N 4 interface.
In order to continue our investigation of the electronic structure, the valence band offsets and the band gap were checked for convergence for different thicknesses of the silicon and silicon-nitride layers. These results are summarized in Table III . It is clear that model III (also depicted in Fig. 1) is sufficiently large to obtain reasonable convergence and was thus chosen as the base for the rest of this work, unless otherwise specified. Table II for bond lengths. Naming convention used in the paper is summarized in Table I. To qualitatively investigate the transfer of electrons close to and at the interfaces, we calculated the electron density difference maps by subtracting the superposition of overlapping free atomic electron densities from the calculated interface electron density. The result is shown in Fig. 2 . The bulk Si covalent bonds are clearly illustrated as electron accumulation between the Si atoms, and the charge transfer into the sp 2 hybrid orbitals of N is also clearly visible. Furthermore, there is an electron accumulation similar to the bulk Si-Si and Si-N bonds at the interface. The similarities between the bulk semiconducting silicon and the interface bonds is clearly illustrated and underlines the favorable geometries compared to previous models. Furthermore, to quantify the electronic density associated with each atom we performed a partitioning of the density using Bader's scheme. 20 The results are summarized in Table IV and follow the qualitative expectations from the electron density difference plots. In the homopolar bulk Si, each Si atom is, in fact, associated with four valence electrons, while in bulk silicon nitride, nitrogen draws electrons from silicon. The nitrogen Bader occupations are all very close to the bulk Si 3 N 4 value of 2.23, whereas the Si charge gradually changes from zero in bulk Si to −3.0 in Si 3 N 4 (−1.39 and −0.13 at the Si side of the interface, and −1.48 at the Si 3 N 4 side). Comparing the Bader occupation between the bulk and interface, there is an electron depletion from bulk Si to the interface. This transition region is expected from the electronegativity differences and occurs gradually [compare 1Si, 3Si(Si) and 3Si(Si 3 N 4 ) to bulk Si] until bulk Bader occupation is reached.
The electronic density of states (DOS) of the interface model is given in Fig. 3 , which clearly reveals its semiconducting behavior with a PBE band gap of 0.63 eV, similar to bulk silicon. The interface states are visible in the upper valence band as sharp peaks compared to the bulk states and consist mainly of 3N followed by 1Si, 3Si(Si) and 3Si(Si 3 N 4 ) states. In the previous study 9 these defect states were not detected. The remaining 1N states do not contribute significantly close to the band onset, but are strongly present at −1.35 to −1.20 eV. The lower conduction band is mainly dominated by 3Si(Si), 3Si(Si 3 N 4 ), and 3N states.
To identify the interface states, we plot the projected band structure of the interface model in Fig. 4 . Projection of the states onto bulk silicon, bulk silicon nitride, and interface atoms was performed. The two topmost valence bands are localized at the interface and disperse downwards from the M point. Furthermore, two additional interface states 0.8 eV below the Fermi level are visible at the M point. These states are in an energy and k-point range where corresponding bulklike Si states are not present. Analysis of the partial band decomposed charge density in Fig. 2 (b) shows that these states mostly consist of the N 2p orbitals oriented orthogonal to the N-Si 3 plane (the lone pair state in Si 3 N 4 ) and bonding Si sp 3 hybrid orbitals (density accumulation between bonds and on the 1Si atom). Since the slab is symmetric with two interfaces, the states come in pairs, interacting slightly through the slab, in particular, when they approach the point where bulk Si states are available to mediate the interaction through the slab. This is also clear from Figs. 2(b) and 4. However, this interaction is considered small in the context of the rest of the investigations performed in this work.
From Table III the valence band offset is 0.92 eV and significantly lower than the reported value of 1.52 eV in the previous study. 9 It is difficult to state the exact reason without knowing details of the calculated structure and technical aspects of the previous calculation. We believe our present band offsets to be technically-within the limits of DFTaccurate to within at least 0.02 eV as demonstrated by our careful convergence tests in Table III. An interesting aspect in the context of band alignment discussions is the interface dipole, and in particular, how much it contributes to the total band offset. In order to estimate this, we use the flat-band voltage, defined as
where φ is the work function difference (macroscopic property), Q the dipole charge at the interfaces (negative for electrons), d the distance between the charged layers, the average dielectric function, and A the interface area. The second term in Eq. (5) originates from the charge difference at the interface and it modifies the flat band voltage accordingly. In order to estimate the size of φ d we need to determine Q. The electron charge transfer Q at the interface was determined by summing the Bader occupations in each atomic layer and subtracting the nominal valence occupation in the respective layer. The result is plotted in Fig. 5 . We note that the line becomes essentially zero in the bulk Si and the Si 3 N 4 part, since bulk Si is homopolar, and each Si 3 N 4 plane consists of an almost coplanar layer of 3 Si and 4 N atoms, resulting in zero net charge for each layer. Clearly, the silicon interface atoms [layer 12 with the atoms 3Si(Si), 1Si and one 1N] Table I and Fig. 1 for details on the coloring scheme.
transfer electrons to the interface silicon-nitride layer [layer 13 with the atoms 3Si(Si 3 N 4 ) and 3N], such that there is an electron accumulation in layer 13 and a depletion in layer 12 (see Fig. 1 for the description of the layers). This can be explained from the difference in effective electronegativity between the two bulk constituents. Since silicon-nitride has a larger electronegativity than silicon, a positively charged layer is expected on the silicon side of the interface and vice versa. From a microscopic viewpoint, the three interfacial 3Si(Si) atoms in layer 12 donate charge to their three nearest-neighbor 3N atoms in layer 13. The migration of one N atom from layer 13 substantially helps to reduce the interface dipole, which relates to the greater stability of the model of Yang et al.
The net electron transfer creates an interface dipole pointing towards the silicon slab and raises the Si 3 N 4 valence band compared to the Si valence band.
From Fig. 5 the average transferred charge Q is 2.29 e/layer. Assuming an average relative dielectric constant of 9.59, a surface area of 59Å, and an interlayer distance of 1.15Å we obtain φ d = −0.84 eV (raising the Si 3 N 4 valence band), which is a significant contribution and can not be disregarded in the calculation of the flat-band voltage. To avoid any confusion, we stress that these contributions are already fully and automatically accounted for in the ab initio calculations and values reported in Table III. The band offsets for the interface are illustrated in Fig. 6 , including accurate QP corrections determined using the GW method. For the valence band and conduction band offsets, we added the corresponding GW 0 corrections determined previously for bulk Si and Si 3 N 4 (see Ref. 11) . This increases the valence band offset by 0.36 eV from 0.92 eV to 1.28 eV, and the conduction band offset by 1.0 eV. In our densityfunctional calculations, the least bound interface states are located at the M point and reside approximately 0.3 eV above the silicon valence band onset. In order to investigate this further, we performed GW 0 calculations on the interface model. The resulting relation between the quasiparticle energy and the DFT (Kohn-Sham) eigenvalues is illustrated in Fig. 6(b) . The quasiparticle corrections are well approximated by a scissor correction, with the valence band maximum shifted down by 0.34 eV and the conduction band minimum shifted up by 0.11 eV. Since the band edges are dominated by Si states, we would expect a similar behavior in bulk Si and found this indeed confirmed in test calculations. We also found that the position of the interface state with respect to the bulk Si valence band states is well described by the DFT eigenvalue differences and hardly influenced by QP corrections. Note that the Si valence band is comparatively close to the Si 3 N 4 valence band, whereas the conduction band offsets are quite large, a result of the interface dipole moment we have discussed before.
C. Substitutional phosphorus defects
In bulk silicon, there is a wealth of different defects and complexes, for example: substitutional phosphorus or boron, nitrogen monomers, nitrogen dimers, hydrogen, silicon vacancies and interstitials, and diverse complexes, some of which have yet to be discovered. Close to passivation interfaces, silicon is often heavily doped (sometimes in excess of 10 20 cm −3 ) 22 to create an n-or p-type emitter. It is reasonable to assume that the constituent dopants will play an important role at and close to the interfaces.
In this section, we turn to substitutional (for silicon) phosphorus, 23 which acts as an n-type dopant in most industrial grade Si solar cells, and we investigate how it modifies the interface properties studied in the previous section. Another important class of defects is nitrogen, which is isovalent with phosphorus and might be incorporated in Si during the nitridation. A detailed study of nitrogen incorporation into the silicon side of the interface model is left for future studies. Furthermore, we did not consider phosphorus substituted for nitrogen in silicon nitride.
The substitutional phosphorus was placed at silicon sites in the interface model covering the range from bulk silicon to bulk silicon nitride (from layer 7 to 15 according to Fig. 1 ). Only one defect was introduced per slab. The different defect configurations are labeled with superscripts, where the superscript signifies the layer in which the defect resides after relaxation (compare Fig. 1) . If the layer offers more than one symmetry inequivalent position [for instance 1Si or 3Si(Si)] we use the previously introduced nomenclature to identify the site. In the silicon nitride, the silicon positions are symmetry equivalent in each layer. All structures were then relaxed and the electronic structure calculated in a second step. The lattice parameters were not allowed to change during the relaxation.
In Table V the relative total energies E (depicted in Fig. 7 ) are listed for the interface model with substitutional phosphorus located at different silicon sites. After relaxation, the substitutional phosphorus remains close to the original silicon positions for all considered configurations. The change in the total energy with respect to bulk silicon (the P 7 configuration) is fairly small when phosphorus approaches the silicon nitride, except at the interface P 12 /1Si and P 12 /3Si(Si). The energies for substitution in Si 3 N 4 are much less favorable and migration of substitutional phosphorus into the silicon nitride therefore seems unlikely. Already at the P 12 /3Si(Si) position, silicon has three nitrogen neighbors. This position is therefore fairly unstable, whereas the position P 12 /1Si is surprisingly stable. This is most likely related to the fact that layer 12 is electron deficient according to our previous analysis (compare Fig. 5 ). Replacing silicon by phosphorus will increase the number of electrons in this layer and thus lower the interface dipole (see later discussion).
The substitutional phosphorus is a well studied defect in bulk n-type silicon 23 causing a shallow donor level in Si, and it is thus interesting to investigate how the defect level behaves in the β-Si 3 N 4 (0001)/Si(111) system, and how the phosphorus defect modifies the interface states. In order to perform this analysis we chose two representative configurations; phosphorus in layer 7 (bulk silicon) and in layer 12 (P 12 /1Si). In Fig. 8 we show the band structures and highlight the states localized on the phosphorus atom. When phosphorus resides in bulk silicon the induced defect band is located in the gap about 0.3 eV below the Si conduction band in agreement with a previous study. 23 The small lateral distance between the P atoms places the defect level at too low energies. The electron density of the phosphorus defect state in bulk silicon is illustrated in Fig. 9(a) . The defect state is delocalized in the layer where P resides, but extends only a little to the neighboring layers.
Few changes in the band structure are observed when phosphorus is moved closer to the interface, however, the situation changes drastically when P resides at the interface. The conducting states (here, the range between the conduction (2) and (3), respectively] for substitutional phosphorus and the valence band offset E VBO as a function of phosphorus layer occupancy and cell size. E specifies the relative energy compared to P substitution in a bulk Si slab with similar lateral size, whereas E specifies the relative energy compared to a common reference. For E , P substitution in the largest considered supercell (3 × 3 × 1 P 7 ) was considered as reference [see Eqs. (2) and (3)]. Different sites in one layer are indicated using the previously introduced nomenclature. n × n × 1 indicates that the original interface model was replicated n × n times along the interface plane.
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Defect band minimum and the Fermi level) of this configuration are illustrated in Fig. 9(b) . As previously discussed, our model contains two interfaces, but we have added only one P, so that one set of interface states is expected to be unmodified. Surprisingly, when phosphorus resides at the interface, the phosphorus defect level as well as the interface states at this interface vanish, although the remaining interface states corresponding to the second interface (without P) are still clearly visible in Fig. 8(c) . The underlying principle is easy to understand. With a formal ionicity of −5, P induces a rather strong attractive potential at the substitutional site. In bulk Si, this induces a shallow defect level at the conduction band edge as discussed above. At the interface, however, the-compared to Si 4− -more attractive P 5− potential moves the interface states to lower energies, so that they overlap and hybridize with the neighboring Si atoms. In fact, a residual of the interface states is still clearly visible in the projected P states, but at Fig. 1 ). For all three concentrations the most stable configuration of the substitutional phosphorus is at the 1Si position. See Table V for additional details. higher binding energies (more negative, from approximately -0.75 eV below the valence band onset down). Also note that the original interface state was partly localized on the 1Si atom (Fig. 2) , where P now resides. The shallow P related donor state has also not entirely vanished, but as the interface state strongly screens the P 5− potential, it has moved up into the Si conduction band. At the K point it is still clearly visible but well above the bulk Si conduction bands.
We will now consider how the substitutional phosphorus changes the valence band offset. With one phosphorus embedded, this yields a phosphorus concentration of 1.02 × 10 21 . The valence band offsets are presented in Table V and Fig. 10 . In order to interpret these results, we investigated the electron transfer at the interface and how it is modified by the defect configurations. We again calculated the averaged Bader electron occupations, similar to Fig. 5 . The results are depicted in Fig. 11 and reveal changes to the charge in the slabs and at the interface. We note that, since we have subtracted the formal ionic charges of P and Si from the Bader charges, n = 0 corresponds to a layer which is formally charge neutral. When phosphorus is introduced in silicon there is a sizable electron accumulation in the defect occupying layer. The electron surplus of + 1 in this layer implies that in addition to the five P valence electrons, one more electron is found in this layer. This is most likely an artifact of the Bader analysis, which is not necessarily unerring for covalent materials with significant charge accumulation along the bonds. Including the nearest-neighbor layers, however, restores charge neutrality around the defective layer as expected.
Silicon nitride can also not accommodate the extra electron from P in the valence band, and the additional electron needs to move into the conduction bands. Since the energetic position of the Si conduction band is below that of the Si 3 N 4 (compare Fig. 6 ), the charge will be transferred towards the Si bulk partthe Bader analysis assigns the transfer to the interface layer 13-until an opposing dipole develops that ultimately aligns the Si 3 N 4 and the Si conduction bands. This relates well to the huge increase of the valence band offset visible in Fig. 10 : as a result of the dipole, the Si valence band shifts upwards compared to the Si 3 N 4 valence band until both conduction bands are identical counteracting the charge transfer from the P defect into the Si bulk. For more elongated supercells the valence band offset might increase even further, but since P doping into Si 3 N 4 is energetically so unfavorable, this is not a scenario warranting further investigations.
At the intermediate positions, in particular for P in the 1Si position, the situation is intermediate. The extra P valence electron (compared to Si) can not be accommodated in the Si valence band. As for P in bulk Si, the additional conduction band electron will remain bound to the P ion, although the center of the electronic charge surplus will be located towards the Si side of the interface, since the Si conduction band is at much lower energies than the Si 3 N 4 conduction band. The Bader charges clearly confirm this picture with a huge increase of the charge at layer 12 and a decrease at layer 13 (compared to the reference values without P). This obviously counteracts the dipole at the silicon-nitride/silicon interface with no P defects. Essentially, phosphorus restores the natural band alignment between silicon nitride and silicon. Microscopically, we can relate this to the larger electronegativity of P than Si. At the interface without P, the electronegative N attracts charge from the neighboring Si, but when the more electronegative P instead of Si is located at the interface the charge transfer is much smaller. Using the dipole model from Eq. (5), we can even quantify the change in the valence band offset and the corresponding results are listed in Table VI . It is evident that the change in valence band offset is fully accounted for by the lowering of the interface dipole, in compliance with Fig. 11 and previous discussions.
Finally, we note that the valence band offset in Fig. 10 is slightly decreased when phosphorus resides in silicon bulk. This is mostly due to the change (∼0.1 eV) in the reference energy used for the silicon and silicon nitride in the interface model and stems from the difference in the electrostatic potential. We believe this is an artifact of a rather small supercell model, but it is difficult to explicitly show this due to the difficulties of constructing models of similar phosphorus concentration without phosphorus-phosphorus interaction.
The defect concentration of the previous calculations is large. Although silicon is often aggressively doped close to the interface of silicon nitride in solar cells to create the emitter and although we believe values in the 10 21 cm −3 range to be representative of industrially used samples, we would like to pursue this issue further. In order to investigate this, two additional models were considered; a 2 × 2 × 1 and a 3 × 3 × 1 supercell, corresponding to phosphorus defect concentrations in silicon of 2.56 and 1.13 × 10 20 cm −3 , respectively. In Fig. 7 the relative total (interface) energy is plotted as a function of the phosphorus configuration. All concentrations yield similar qualitative behavior as previously discussed; for example, the energetically most stable phosphorus configuration is still at the 1Si position and the valence band offset increases (decreases) as phosphorus is moved closer to the interface from bulk silicon (silicon nitride) (see Fig. 10 ). As the phosphorus concentration decreases, smaller changes of the valence band offset are observed, and the values converge towards the valence band offset of the defect free model. Since P substitution at the interface is energetically so stable (−0.39 eV compared to a single P atom in bulk Si in the low doping limit), it seems reasonable to assume that every 1Si atom at the interface will be substituted by a P atom corresponding to our 1 × 1 × 1 model. Adding the GW 0 corrections for the band alignment, we obtain a valence band offset of 1.57 eV, which is in the range of measured values (1.5 to 1.9 eV) for the band alignment of silicon nitride on silicon. 4, 6, 8, 13 Although we have not repeated the GW 0 calculations for phosphorus substitution at the interface, we expect this result to be valid, as (i) the GW 0 shifts are essentially bulk Si and silicon nitride properties, and (ii) the electrostatic effects introduced by P doping are expected to be accurately accounted for by density functional theory.
IV. SUMMARY AND FINAL REMARKS
We have investigated the β-Si 3 N 4 (0001)/Si(111) interface by employing the recent model proposed by Yang and coworkers, 9 studying the interface geometries, charge transfer, and band alignment in detail. The relaxed interface geometry yields fourfold coordinated silicon and threefold coordinated nitrogen atoms, similar to bulk Si and β-Si 3 N 4 . Although the interface atoms are consequently fully saturated, a well defined interface state is observed partly residing in the silicon gap. This defect state is related to silicon sp 3 hybrid orbitals oriented towards the nitride and contains contributions from nitrogen lone pair states, causing a sizable charge transfer into the silicon nitride. The resulting dipole decreases the valence band offsets between silicon and silicon nitride significantly by about 0.8 eV.
The DFT band offsets were corrected by quasiparticle GW 0 calculations, resulting in an increase in the valence offset from 0.92 eV (DFT) to 1.28 eV, which is still small compared to the experimental estimates of 1.5-1.9 eV-the small value of the model certainly being a result of the large interface dipole. Since industrial solar cells usually are strongly phosphorus doped, the present study also covers substitutional phosphorus in bulk silicon, silicon nitride, and at the interface. Substitutional phosphorus in silicon nitride is found to be very unfavorable and can be ruled out on energetic grounds. However, even at high concentrations at the interface, substitutional phosphorus is more stable than in low concentrations in the silicon bulk. This implies a strong phosphorous segregation towards the interface. In the particular model considered here, every fourth Si atom at the interface is substituted by phosphorus. Remarkably, at the most favorable position, phosphorus entirely removes the interface states as well as the shallow donor state related to phosphorus, relating well with the high stability of phosphorus at the interface. Furthermore, phosphorous substitution at the interface significantly reduces the interface dipole and hence increases the valence band offset to a value around 1.6 eV (including the GW 0 corrections). This brings the valence band offset in good agreement with experiment.
Generally, our present results clearly demonstrate that phosphorus doping (and possibly other doping) can have a huge impact on the interface between silicon and silicon nitride. In fact, it is also experimentally observed that n doping using phosphorus changes the properties of the silicon/ silicon-nitride interface significantly, for instance enhancing contact formation between metallic Ag leads and silicon. As we predict strong phosphorus segregation to the interface, this experimental observation certainly does not come as a surprise.
